Chlorates are present in the brine stream purged from chlor-alkali plants. Tests were conducted using activated carbon from coconut shell, coal or palm kernel shell to adsorb chlorate. The results show varying levels of adsorption with reduction ranging between 1.3 g/L and 1.8 g/L. This was higher than the chlorate generation rate of that plant, recorded at 1.22 g/L, indicating that chlorate can be adequately removed by adsorption using activated carbon. Coconut based activated carbon exhibited the best adsorption of chlorate of the three types of activated carbon tested. Introducing an adsorption step prior to purging of the brine will be able to reduce chlorate content in the brine stream. The best location for introducing the adsorption step was identified to be after dechlorination of the brine and before resaturation. Introduction of such an adsorption step will enable complete recovery of the brine and prevent brine purging, which in turn will result in less release of chlorides and chlorates to the environment.
INTRODUCTION
Chlorates do not easily decompose in the environment (Sorlini & Collivignarelli ). There have been several reported cases of chlorate poisoning (Steffen & Wetzel ; Alfredo et al. ; Gil et al. ) . Researchers have pointed out that chlorates may be toxic to certain types of algae (Rosemarin et ; however, they do not include the release from chlor-alkali plants, which is the area studied in this research.
Chlorates are produced through a side reaction that occurs in the electrolysers of chlor-alkali plants (Bommaraju et al. ) . The simplified reaction is shown below. NaCl þ 3H 2 O ! NaClO 3 þ 3H 2 (1)
Chlorates form in the brine and are not readily decomposed (O'Brien et al. ) . Although there is a brine reduction step incorporated in the brine circuit of most chlor-alkali plants (Moore & Smith ; Pereira et al. ) , this step is often unable to reduce the chlorate levels sufficiently. In order to maintain the chlorate concentration in the brine at permissible levels, most chlor-alkali plants purge a portion of their brine to the environment (O'Brien et al. ) . The electrolysis reaction occurring in chlor-alkali plants can be expressed as follows:
As can be seen from Reactions (1) and (2), the formation of chlorate consumes the raw material for the chlor-alkali process. As the brine solution is recirculated within the chlor-alkali plant as shown in Figure 1 , the chlorate concentration will start to rise. This study was initiated to reduce the purging of brine from chlor-alkali plants. The reason for the brine purging has been identified to be primarily due to the rise in chlorate levels in the brine. Previous work has shown that activated carbon can be used for adsorption of chlorate from brine (Lakshmanan & Murugesan ) . This research focused on identifying a suitable location within the brine circuit of a chlor-alkali plant for carrying out the adsorption so that there is less purging to the environment and more of the brine may be reused in the process.
The present research differs from other work as it studies the removal of chlorate from the brine stream of chlor-alkali plants. There has not been much research done on chlorate removal, while much research has been done on chlorite and perchlorate removal (Sorlini & Collivignarelli 
METHODS
Activated carbons tested were Norit PK1-3 (palm kernel shell), Norit GAC830W (coal based) and Norit GCN1240 (coconut shell).
The point of zero of the different types of activated carbon were first determined (Bansal & Goyal ; Nasiruddin Khan & Sarwar ; Cardenas-Peña et al. ) . For each of the activated carbons, 10 g was placed into 100 mL of distilled water. The initial pH of the distilled water was tested. The pH was tested again after stirring and leaving overnight. The tests were repeated by placing 10 g activated carbon in beakers containing 100 mL of distilled water at five different pH values, and left overnight for each type of activated carbon.
Five brine samples with properties as shown in Table 1 were taken from the brine circuit as shown in Figure 1 . Brine concentration and chlorate concentration were determined using analytical methods (Lakshmanan & Murugesan ) .
Point 1, after the resaturator, has high sodium chloride concentration and impurities content and was selected to test the effect of chloride concentration. Point 2 was after the clarifier while Point 3 was after the ion exchange column. Points 2 and 3 were selected to check the effect of presence or absence of other impurities. Point 4 is after the electrolyser and was selected as the brine is acidic here, and will have higher chlorate concentration and lower chloride concentration, and there will be presence of chlorine in this location. Point 5 was selected as it is after chlorate reduction and dechlorination and will have lower chlorate, chlorine and chloride concentration. Experimental work done by the authors showed rapid uptake of chlorine by activated carbon. It is believed that chlorine competes with chlorate for the same sites on the activated carbon and hence interferes with its adsorption. Table 1 shows that at most of the points tested, the brine is alkaline. The brine is only acidic at Point 4, as plant operators acidify the brine by addition of hydrochloric acid just before the brine enters the electrolyser. This is done by plant operators to minimize chlorate formation in the electrolyser.
To test for chlorine content, 50 mL of brine sample was placed in a 250 mL conical flask with 15 mL of 1:1 glacial acetic acid, 10 mL of 5% potassium iodide solution and a few drops of starch solution. The mixture was titrated with 0.1 N sodium thiosulphate solution until the dark blue colour disappeared. The available chlorine in mg/L was determined from V × N × 710, where V is the volume (mL) of sodium thiosulphate solution added, and N is the normality of the sodium thiosulphate solution.
Batch studies were conducted by placing 10 g of palm kernel activated carbon into beakers with 100 mL of the brine solution taken from Point 1 and stirring for 45 minutes. After 45 minutes, the solution was tested to determine the pH, chlorine content, and sodium chloride and sodium chlorate concentrations. A 45 minute contact time of the activated carbon with the brine was employed as earlier studies (Lakshmanan & Murugesan ) showed it as the time required for equilibrium to be reached. The reduction in chlorine and chlorate concentrations detected were taken to be due to adsorption by activated carbon. The tests were repeated with brine from the four remaining points and were conducted for the three types of activated carbon.
To test the effect of pH on adsorption, experiments were conducted with coconut and palm kernel based activated carbons by reducing the pH of the brine solution to 9 and 8.5. Plant brine was taken from Point 5 and solution pH was adjusted using HCl until the required pH was attained and adsorption tests were conducted as above by placing 10 g in 100 mL solutions. A temperature of 80 W C was used for the test as it is the highest temperature that the brine experiences in the brine circuit. Table 2 shows the analysis results of brine at the five points of the brine circuit. At most of the locations, the brine is alkaline. The brine is acidified by plant operators just before entering the electrolyser.
RESULTS AND DISCUSSION
The point of zero of the various activated carbons was determined by testing five initial pH values as shown in Table 3 and recording the final pH (after 24 hours). From the results obtained, the graphs in Figure 2 were plotted to determine the pH pzc of each of the three activated carbons tested.
The coconut shell activated carbon tested was found to have a point of zero of 9.93. Hence, at solution pH below 9.93, the activated carbon's surface would be positively charged and would attract negatively charged chlorate ions to it ( Jung ; Lou et al. ) . Above a pH of 9.93, the activated carbon would have a negative charge, and would then repulse chlorate ions (Karagöz et al. ) .
For palm kernel, the pH pzc was found to be 9.77, while the pH pzc of coal based activated carbon was found to be the lowest of the three types tested, at 8.25. It would be expected that when the solution is above their respective pH pzc , the activated carbon's surface will be negatively charged and will repulse chlorate ions.
The chlorate (NaClO 3 ) content in the brine rises by 1.22 g/L at the electrolyser, as can be seen going from Point 3 (4.0 g/L) to point 4 (5.22 g/L) in Table 2 . Chlorate is formed here during the process of electrolysis of sodium chloride. The sodium chloride concentration drops in the electrolyser due to electrolysis of sodium chloride as per Equation (2). This is the reason why chlorine was present at Point 4, i.e. after electrolysis. After passing through the electrolyser, a portion of the depleted brine stream goes through a chlorate reduction step. This is the reason for the decreased chlorate level detected at Point 5. Tables 4-6 show the final pH, and chlorine and chlorate concentrations after a 45 minutes contact time with activated carbon. The chlorate levels were seen to have decreased at all locations.
The results indicate that activated carbon could adsorb chlorate at all the points tested and even under alkaline pH conditions.
In most of the locations, the brine pH remained unchanged, except at Point 4, where there was a rise seen in the pH regardless of the type of activated carbon; i.e. from 4.3 (Table 2 ) originally to 7.2 (Table 4for palm kernel), 7.9 (Table 5for coal) and 8.3 (Table 6 for coconut) after addition of the respective activated carbons. This is caused partially by the alkalinity of the activated carbon but also because of the removal of chlorine.
Comparing the three types of activated carbon tested, the best reduction in chlorate levels was observed with coconut based activated carbon. The results obtained are shown in Table 7 and summarized in Figure 3 . The levels of chlorate reduction were observed to be greater than that achieved using the other types of activated carbon at all the points tested. The level of chlorate reduction, whether in alkaline or acidic conditions, or with the presence of chlorine, was better when using coconut based activated carbon.
In work done previously, it was observed that adsorption of chlorate on activated carbon was better under acidic conditions and in the absence of chlorine (Lakshmanan & Murugesan ), while the present study indicates that the initial chlorate concentration can have a significant impact. Chlorine is suspected to be adsorbed by the same active sites, hence rendering them unavailable for chlorate adsorption.
At Point 5 which is after dechlorination, per cent chlorate sorption was high and in the range 26-30% for the three types of activated carbon although pH was above the point of zero charge for the three activated carbons. This is an area for further work to be done, to understand why there is good adsorption even under alkaline conditions above the pH pzc of the activated carbon. The high chlorate content in the brine at this point, and the absence of chlorine in the brine would have contributed to the high adsorption. Both these factors have shown significant effect on adsorption of chlorate by activated carbon. Figure 3 summarizes the sorption efficiency of the activated carbons. From these experiments we observe general reduction in chlorate levels at all locations in the brine circuit, with the three types of activated carbons tested. Palm kernel based activated carbon showed high adsorption Figure 1 ) for the three activated carbons. under acidic conditions (Point 4), and this was despite the presence of chlorine here. It was observed that better adsorption was achieved where there is high chlorate concentration despite alkaline conditions (Point 5); i.e. adsorption proceeded well even under alkaline conditions. For the coal based activated carbon, adsorption was weakest under low pH conditions (Point 4), and this was due to presence of chlorine interfering with its adsorption. When tested under alkaline conditions at Point 5, better results were observed. Point 5 was after chlorine has been removed and at this location there was high initial chlorate content. For the coconut based activated carbon, adsorption was highest at Point 4, corresponding to acidic conditions, despite the presence of chlorine. Presence of chlorine was not a major factor to influence the adsorption of chlorate here. Adsorption was slightly lower at Point 5, meaning that higher chlorate concentration and lower pH (or the combination) had a greater impact on adsorption. Overall, best adsorption results, in terms of greater reduction in chlorate, were obtained using the coconut based activated carbon and it was achieved in acidic conditions despite the presence of chlorine. It can also be seen from Figure 2 that coconut based activated carbon achieved greater reduction in chlorate compared to the other types of activated carbons tested, under both alkaline and acidic conditions.
From work done previously (Lakshmanan & Murugesan ) it was observed that higher pH and temperature resulted in poorer adsorption, probably due to the acidic zero potential charge pH pzc of the activated carbons. Further tests were conducted using palm kernel and coconut based activated carbon to study the effect of lower pH on adsorption at Point 5, by reducing the pH of the brine solution. These tests were done at pH 8.5 and 9 with a contact time of 15 mins to study the effect of pH on adsorption. A shorter contact time was used for this comparative test as it was designed mainly to study the effect of reduced pH. The results in Table 8 show that lower pH resulted in increased chlorate adsorption for both types of activated carbons tested.
These experiments show that adsorption will proceed even at the operating pH and conditions in the chlor-alkali plant. This means that adsorption can be carried out at Point 5 with no further acidification required. However, for enhancing the adsorption, some pH adjustment by acid addition may be made, if necessary.
To test this, further experiments were conducted for dechlorinated and depleted brine (Point 5) using a laboratoryprepared 200 g/L chloride solution containing chlorate and by conducting experiments at varying pH. For Point 5, a laboratory-prepared brine sample was used as it would be able to adequately represent the plant brine for the test being conducted. To produce a solution of similar property as depleted brine, 200 g NaCl (Merck) and 12.75 g NaClO 3 (Merck) were added to 1 L distilled water and thoroughly mixed. Initial pH and chlorate concentration were tested and found to be 5.5 and 12.37 g/L respectively. Samples of 100 mL each were drawn and their pH adjusted to 2, 4, 6, 7, 7.5, 8, 8.5, 9, 9.5 and 10, respectively, by adding hydrochloric acid or caustic soda. The samples were heated to 80 W C and kept stirred. Then 10 g activated carbon was added and the solution was maintained at 80 W C for 15 minutes. The pH and the chlorate contents were checked after the solution had been filtered to remove the activated carbon. Temperature of 80 W C was used as it is the operating temperature in the brine circuit of a chlor-alkali plant. Previous tests conducted showed that increasing temperature resulted in reduced adsorption of the chlorate by activated carbon (Lakshmanan & Murugesan ) . This test was done at 80 W C to simulate plant operating conditions, to observe how the adsorption is affected under these conditions. From the results summarized in Figure 4 , best adsorption occurred above a pH of 4 for coconut based activated carbon, and at pH greater than 6 for palm kernel activated carbon. At higher pH, there was no significant change in adsorption of chlorate observed. This indicates that adsorption may be conducted at prevailing pH conditions in the plant. No significant improvement in adsorption was observed by reducing the pH of the brine solution. However, There was close correlation in the results for adsorption by the activated carbon at solution pH of 10 between the laboratory-prepared solutions, which gave 14 mg/g for coconut and 12.5 mg/g for palm kernel, and the plant brine solutions, which gave 14.8 mg/g for coconut and 13.75 mg/g for palm kernel.
The coconut based activated carbon yielded the best adsorption results of the three types of activated carbons tested. Going by point of zero theory, at Point 4, the coconut based activated carbon with pH pzc of 9.93 was positively charged at solution pH of 8.3. At all other points (pH ¼ 10), the solution pH was slightly higher than the pH pzc of the coconut based activated carbon and would have resulted in a strongly negative surface charge which would have repulsed the negatively charged chlorate ions from the activated carbons' surface. This is the reason for the coconut based activated carbon performing best at this point even though chlorine was still present.
The point of zero was determined using distilled water. During the experiments using alkaline brine solutions, the surface property of the activated carbon would have changed and may have resulted in a shift of its pH pzc , which could be the reason for the greater adsorption of chlorate at pH 10. Also the high positive surface charge would also attract chloride ions from the brine solution, and it is likely that, due to the very high chloride concentration (200 g/L chloride vs 5 g/L chlorate), it would hinder the adsorption of chlorate. However, as the charge becomes neutral, and then alkaline, there will be less attraction towards chloride, which then makes it possible for more chlorate molecules to approach the activated carbon surface to be adsorbed by the activated carbon.
Coconut based activated carbon had the highest pH pzc (9.93) amongst the three activated carbons tested. This could also be the reason for the higher adsorption achieved by it at the brine conditions at Point 5 with pH of 10.4. Although the initial brine pH was 10.4, it only rose marginally to 10.5 after the 45 minutes contact time with coconut based activated carbon.
CONCLUSION
From these experiments, it was observed that introducing a chlorate adsorption step using activated carbon after the electrolyser and after the dechlorination step would see a reduction of chlorate content of 1.3-1.5 g/L (Tables 5-7) . This is higher than the generation rate of 1.22 g/L shown in Table 2 . This would mean that placing a chlorate adsorption step before the resaturation step would help to adsorb sufficient quantities of chlorate (more than the amount generated). This would make it possible to achieve almost complete recycle of the brine, without having to purge brine to the environment due to high chlorate levels.
Of the three types tested, coconut based activated carbon exhibited better chlorate adsorption. The coconut based activated carbon performed best with high chlorate concentration and had sufficient active sites to adsorb chlorine without significantly affecting chlorate adsorption. The coconut based activated carbon has more active sites and possibly the right types of pores that can adsorb the chlorate as compared to the two other types of activated carbons tested. The pores in coconut based activated carbons are typically comprised of micropores which may be best suited to adsorb the chlorate ions. Coal based activated carbons performed poorly in comparison, and coal based activated carbons are typically comprised of mesopores (Bansal & Goyal ) .
Point 5 would be the preferred location to introduce an adsorption column using coconut based activated carbon for chlorate removal from the brine stream of the chloralkali plant.
